Abstract -Records from up to 19 054 registered cows and 10 297 calves in 155 herds of the Alentejana cattle breed were used to study the effects of individual (F i ) and maternal (F m ) inbreeding on reproductive, growth and carcass traits, as well as assessing the importance of non-linear associations between inbreeding and performance, and evaluating the differences among sire-families in the effect of F i and F m on calf weight at 7 months of age (W7M). Overall, regression coefficients of performance traits on inbreeding were small, indicating a minor but still detrimental effect of both F i and F m on most traits. The traits with the highest percentage impact of F i were total number of calvings through life and calf weight at 3 months of age (W3M), followed by longevity and number of calves produced up to 7 years, while the highest effect of F m was on W3M. Inbreeding depression on feed efficiency and carcass traits was extremely small and not significant. No evidence was found of a non-linear association between inbreeding and performance for the traits analyzed. Large differences were detected among sire-families in inbreeding depression on W7M, for both F i and F m , encouraging the possibility of incorporating sire effects on inbreeding depression into selection decisions.
INTRODUCTION
The Alentejana belongs to the Red Convex group of European southern breeds, which is thought to be of African origin [21] , and is one of the major native breeds of cattle in Portugal. The breed numbers declined in the mid20th century, due to unplanned crossbreeding with exotic breeds, but have recovered in recent decades, and currently there are about 11 000 cows registered in the herdbook [4] . Alentejana herds are traditionally raised under extensive conditions, in oak-and cork-tree forests, or integrated with grain production systems in dry lands. In a recent demographic analysis of Alentejana, Carolino and Gama [4] reported that the estimated rate of increase in inbreeding per year and generation was 0.33 and 2.15%, respectively, the mean level of inbreeding for calves born in 2003 was 8.5% and 33 ancestors contributed 50% to the current genetic pool of the breed. Taken together, these results reflect the fast genetic erosion that the breed has experienced over the years, with a realized effective population size of 23 [4] , which is less than half the recommended minimum number to maintain genetic diversity [12, 24] .
The detrimental impact of inbreeding on performance traits, especially those which are fitness related, has been widely recognized and is a result of the reduction in heterozygosity as inbreeding accumulates [9, 11, 20] . The genetic basis of inbreeding depression has been explained by two main hypotheses, i.e., the overdominance hypothesis, where it is assumed that fitness is higher in heterozygotes than in any of the homozygotes, and the dominance hypothesis, where it is assumed that recessive deleterious alleles may affect fitness, such that heterozygotes have a fitness which is close to the wildtype [18, 20] . Depending on the hypothesis assumed, the impact of selection and the evolutionary consequences would be different. In the overdominance hypothesis, selection would favor heterozygous individuals, and thus recessive alleles would be maintained. On the contrary, in the dominance hypothesis, recessive alleles would be purged by selection, unless mutation occurs continuously to maintain the genetic load of deleterious recessive alleles [18] . Under the dominance hypothesis, a slow increase in inbreeding would allow selection to act, such that the resulting inbreeding depression would be lower than if inbreeding increased at a faster rate, and this has been supported by experimental results with several laboratory species [10, 26] .
In traits affected by maternal effects [37] , it can be expected that both individual and maternal inbreeding may have a detrimental effect on performance, and both should be taken into account when evaluating the impact of inbreeding [11] .
The effects of inbreeding on productive traits in beef cattle have been reviewed by Burrow [2] , largely based on studies with actively inbred research populations. Even though inbreeding had a detrimental effect on most traits, the general conclusion was that its impact was minor, and inbreeding should thus be of little concern to most commercial beef producers. Nevertheless, inbreeding depression is a function of allele frequencies at the loci affecting the traits of interest and is therefore expected to differ among breeds and populations [11] . Furthermore, the level of inbreeding depression has been shown to be higher when inbreeding effects are expressed in harsh environmental conditions [18] .
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Therefore, it can be argued that breeds kept in extensive systems, often under serious climatic and feed constraints, are expected to show a more pronounced impact of inbreeding depression.
The linear association often assumed between inbreeding and performance is compatible with the dominance hypothesis, as it would correspond to the loss of heterozygosity and increased frequency of deleterious recessive homozygotes as inbreeding accumulates. Nevertheless, if epistatic effects are also involved in inbreeding depression, a non-linear decline in mean performance would result from accumulated inbreeding [6] . Evidence of a non-linear association between inbreeding and performance has been detected in several traits in dairy cattle [8, 16, 22, 32, 33] , but to our knowledge it has not been documented for other livestock species.
Frequently, inbreeding depression is estimated by regression of the trait of interest on inbreeding, assuming a single slope. This approach is based on the premise that the increase in homozygosity due to identity by descent is the same, regardless of the common ancestor contributing to it. Nevertheless, it can be envisaged that different ancestors contributing to inbreeding may carry a different genetic load, e.g., recessive deleterious alleles, and inbreeding depression would then differ among families [19] . Indeed, heterogeneity in inbreeding depression among founder families has been reported, for example, in mice [19] , swine [27] and dairy cattle [15, 25] .
The specific demographic features of the Alentejana breed, especially its high level and rate of inbreeding, as well as the reduced number of influential ancestors, make it an interesting resource population to study the effects of inbreeding on beef cattle traits, assuming different genetic-statistical models. Therefore, the objectives of this work were the following: (a) to study the effect of individual and maternal inbreeding on reproductive, growth and carcass traits in the Alentejana cattle breed; (b) to assess the possible existence of a non-linear association between inbreeding and performance traits; and (c) to evaluate if there are differences among sire-families in the effect of individual and maternal inbreeding on calf weight at 7 months of age (W7M).
MATERIALS AND METHODS

Data
Pedigree and performance records were collected between 1944 and 2005, on 155 farms enrolled in the Alentejana Herdbook. This herdbook has been closed since 1991 and currently has about 11 000 registered cows. All calves registered Inbreeding depression on beef cattle traits in the period 2000-2003 (n = 28 631) had known parents and 96.9% had known grandparents, and the mean number of generations known and average inbreeding for those calves were 4.06 ± 1.20 and 8.35 ± 9.02%, respectively [4] . The on-farm performance records considered in this work included calving interval (CI), age at first calving (AFC), productive longevity (PL), number of calvings up to 7 years of age (NC7) and through life (NCT), birth weight (BW), calf weight adjusted to 3 months (W3M), 7 months (W7M) and 12 months (W12M), and mature weight (MW). The adjusted weight at 3 months for the ith calf was calculated as:
where W i corresponds to the weight obtained at the age (Age i ) closer to 90 days, within a limit of ± 45 days. Weights adjusted for the other ages were obtained following the same principles. The MW was obtained as the average of body weights after 3.5 years of age, for animals which had at least three weights recorded. Records were also collected between 1973 and 2003 in the performance testing center of the Alentejana breed, including information on 1203 bulls. The traits considered were average daily gain (ADG) on test, feed to gain ratio (FGR) and relative growth rate (RGR), which was calculated for the ith calf as:
The RGR can be considered as an approximation of the rate of maturity applied to a short period of time and corresponds to daily gain expressed as a proportion of live weight [13] .
Carcass information was collected through the certification program of ''Carnalentejana, D.O.P.'', and the records considered in our work included information on 7701 calves, slaughtered between 1995 and 2004 under the certification program. For the purposes of this analysis, retail meat yield (RY) as the percentage of carcass weight and the percentage of meat cuts in the extra category (EX, including tenderloin and striploin) were considered.
Statistical analyses
The individual coefficients of inbreeding were obtained from the relationship matrix [34] using pedigree information from all generations, which included 98 019 animals.
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Each trait was analyzed with a mixed linear model, including the fixed and random effects specified in Table I , and all analyses were carried out with Multiple Trait Derivative Free REML (MTDFREML) [1] . The additive direct genetic effect was included as a random component for all traits, while for CI the permanent environmental effect of the cow was also considered, and in calf weights up to 12 months the maternal genetic effect was also incorporated in the mixed model, in addition to the permanent environmental effect of the dam. Genetic parameters previously estimated for this data set [5] were used in the different analyses and are summarized in Table I .
Inbreeding depression was first estimated by including in the fixed part of the model a covariate corresponding to the coefficient of inbreeding of the individual (F i ). For those traits where maternal genetic effects were considered, the model included additionally a covariate corresponding to the coefficient of inbreeding of the dam (F m ).
A second univariate analysis was carried out for all traits, to assess the possibility of a non-linear effect of inbreeding of the calf or dam, by including in the mixed model the corresponding linear and quadratic effects.
An additional statistical analysis was also implemented, to evaluate possible differences among sire-families in the effect of individual and maternal inbreeding on W7M. For this analysis, sires which had the major contribution as common ancestors to the parents of calves with W7M information were identified. The sires had at least 30 inbred offspring with records. A total of 19 bulls were identified, with an average of 242 offspring/bull. The same criterion was used to select sires which were common ancestors of inbred dams of calves with W7M information, and 17 bulls were identified. For this analysis, the mixed model was similar to the one used before, but an individual linear regression coefficient was estimated for each one of the most influential sires, either as an ancestor of the calves or of the dams. As a first approximation, it was assumed that the computed inbreeding coefficient of a given calf or dam was only a result of the contribution of the major common ancestor, and these inbreeding coefficients were used as covariates in the fixed part of the model, as suggested by Miglior et al. [25] . Calves which were inbred, but where the leading common ancestor was not one of the major sires, were considered to be inbred due to the contribution of a phantom ancestor, and additional regression coefficients were included for this phantom bull, both as ancestor of the calves and dams. Overall, 20 regression coefficients were included in the model to represent ancestors of calves (19 major bulls and one phantom ancestor), with the coefficient of inbreeding of a given calf being represented as a covariate in the vector corresponding to its major ancestor, while the covariate was set to zero in vectors corresponding to other bulls. 
a CI -calving interval; AFC -age at first calving; PL -productive longevity; NC7 -number of calvings up to 7 years of age; NCT -lifetime number of calvings; BW -birth weight; W3M -weight at 3 months; W7M -weight at 7 months; W12M -weight at 12 months; MW -mature weight; ADGaverage daily gain; FGR -feed to gain ratio; RGR -relative growth rate; EX -percentage of extra meat cuts; RY -retail meat yield. b HY -herd-year; AFC -age at first calving; F i -individual coefficient of inbreeding; F m -maternal coefficient of inbreeding. c h 2 a -heritability of direct genetic effects; h 2 m -heritability of maternal genetic effects; c 2 -proportion of phenotypic variance due to permanent environmental effects; r am -correlation between direct and maternal genetic effects.
A similar principle was used for dam's inbreeding effect, and 18 regression coefficients were estimated for ancestors of dams (17 major bulls and one phantom ancestor). For this analysis, of the 7865 calves with W7M information, 6342 were inbred, of which 5206 were offspring of the major bulls, and 1136 were assigned to the phantom ancestor. In this analysis, breeding values for the direct and maternal genetic components of W7M were also predicted with MTDFREML [1] , and the correlations between inbreeding depression due to a given sire-ancestor and its direct and maternal breeding values were estimated.
RESULTS
The number of records per trait, and the corresponding means, are presented in Table II , as well as the average inbreeding for calves and dams included in the analyses. Given the structure of the data set, the number of records was the highest for reproductive traits and the lowest for traits measured in central performance testing. The inbreeding coefficients of animals with records used for the different analyses also depended on the trait considered, such that the mean inbreeding of calves ranged between 3.01 and 7.93%, while for dams the range was between 3.52 and 4.88%. As an example, the distribution of inbreeding coefficients of calves with W7M information is in Figure 1 , where the mean inbreeding was 6.75 ± 6.71% and the median was 4.60%.
The estimated linear regression coefficients of the different traits on inbreeding of the calf and dam, obtained from mixed model analyses, are presented in Table III . The vast majority of the regression coefficients were highly significant (P < 0.01), with the exception of the direct influence on CI and the maternal influence on W3M, which were significant (P < 0.05). There was no significant effect of F i on FGR, RGR, EX and RY and of F m on W12M. Furthermore, the effect of inbreeding was always unfavorable, i.e., the regression coefficients were positive for CI, AFC and FGR (where an increase is undesirable), and negative for all the other traits.
Overall, the regression coefficients were small, indicating a minor but still unfavorable effect of both individual and maternal inbreeding on the traits analyzed. All traits associated with reproductive efficiency and longevity showed a significant effect of inbreeding of the cow, with a decline of nearly 0.02 calves produced through life and a reduction in longevity of about 0.2 months per 1% increase in F i . The influence of F m was similar for calf weights between 3 and 12 months of age, but much smaller for BW. On the contrary, the effects of F i were more pronounced for weight at 3 and 12 months than at 7 months and were minor for BW. The MW decreased with F i (nearly 1 kg/1% F i ), but the Inbreeding depression on beef cattle traits Inbreeding depression on beef cattle traits impact of individual inbreeding on growth rate on the test was negligible (less than 1 gAEd À1 per 1% F i ). When expressed as a percentage of the trait means (Tab. III), all regression coefficients had an effect lower than 0.5% of the mean per 1% inbreeding, both for F i and for F m . The traits with the highest percentage impact of individual inbreeding were NCT and W3M, followed by PL and NC7, while the highest effect of F m was observed in W3M. Inbreeding depression on carcass traits, expressed as a percentage of the mean, was extremely small (about 0.01%). When expressed as a percentage of the phenotypic standard deviation, inbreeding depression was below 1% for most traits, with the exception of the effects of F i on W3M and MW, which were À1.56 and À1.10%, respectively.
The linear and quadratic regression coefficients of the different traits analyzed on individual and maternal inbreeding are presented in Table IV . None of the quadratic regression coefficients were statistically (P > 0.05) different from zero. Even though the sign of the quadratic coefficients indicates that a stronger negative impact may be occurring at higher levels of inbreeding for the majority of the traits, there was no solid evidence of a quadratic effect of inbreeding on any one of the 15 traits considered in the analyses.
The results of the analysis of W7M assuming different regression coefficients on F i and F m by sire-ancestor families are graphically presented in Inbreeding depression on beef cattle traits and 3, respectively. The number of inbred offspring in a given sire-family ranged from 31 to 1381 in the analysis of regression on F i and from 34 to 1451 when regression was on F m . Overall, the majority of the sires had a negative impact on the performance of their inbred offspring, but a few sires had a positive effect, especially for inbred dams of calves. Even though the standard errors of individual regression coefficients were large, there were large differences among sire-families in the impact of inbreeding on W7M, with linear regression coefficients by sire ranging from À1.243 to 0.357 kg/1% F i and from À1.283 to 2.329 kg/1% F m .
No significant associations were observed between a sire contribution to individual and maternal inbreeding depression (r = À0.27, P > 0.10), between individual inbreeding depression and the predicted breeding value of the sire for direct genetic effects (r = 0.13, P > 0.10) or between maternal inbreeding depression and the predicted breeding value of the sire for maternal genetic effects (r = 0.37, P > 0.10).
DISCUSSION
The results obtained in this study clearly indicate an unfavorable effect of inbreeding on most of the beef cattle traits analyzed. For illustration purposes, When the effect of inbreeding was assessed as a percentage of the mean, it was more pronounced for NCT, W3M and PL, intermediate for other reproductive traits and weights of calves, and not significant for FGR, RGR and carcass composition. These results strongly support the view that life-history [9] or fitness-related [11, 20] traits are the ones where inbreeding depression has a larger effect.
The effects of inbreeding on BW estimated in our work (À0.027 kg/1% F i and À0.020 kg/1% F m ) are of smaller magnitude than those reported in the review of Burrow [2] for the same trait (À0.06 kg/1% F i and +0.02 kg/1% F m ). Also, the estimated impact of inbreeding on W7M in our work (regression coefficients of À0.189 kg/1% F i and À0.214 kg/1% F m ) is lower than the mean values reported by Burrow [2] for weaning weight of calves (À0.44 kg/1% F i and À0.30 kg/1% F m ). On the contrary, our estimate for inbreeding depression on MW of nearly 1 kg/1% F i is lower than the mean value of À1.30 kg/1% F i in the review of Burrow [2] . It should be pointed out, however, that the results presented by Burrow [2] are mostly based on fastly and highly inbred lines of cattle, while our data originated from commercial herds subject to mild artificial selection and with moderate rates of inbreeding, thus with a lower expected effect of inbreeding depression.
The effect of inbreeding on CI in Alentejana was moderate (+0.263 d/1% F), but was in agreement with results obtained in dairy cattle, where estimated regression coefficients of CI on inbreeding range from +0.26 to +0.7 d [22, 29] . Our estimate for the reduction in longevity with increased inbreeding was in line with, but lower than, the findings of different studies in Jersey [3] and Holstein [22, 28, 29, 33] dairy cows.
In general, our estimates of the linear effect of inbreeding depression for different traits are in the lower range of values reported in the literature. This could be due to differences among populations, or possibly to the fact that the results summarized in the review of Burrow [2] are mostly based on rapidly inbred Inbreeding depression on beef cattle traits lines, where the effects of inbreeding depression are expected to be more dramatic, because natural selection is not as effective in counteracting inbreeding under these circumstances [10] . For reproductive traits, the comparisons with results in dairy cattle also indicate a milder effect of inbreeding in Alentejana than in dairy cows. Our data were obtained in herds kept extensively, under feed and climate conditions which are often constraining, and it was therefore anticipated that they would show a more tangible effect of inbreeding, given that the level of inbreeding depression has been shown to be higher when inbreeding effects are expressed in harsh environmental conditions [18] . This was not the case, and it can be argued that the intense management to which dairy cows are subject is more challenging than conditions found in extensive production, and thus inbreeding has a more harmful effect in highly intensified systems. It is also possible that a lower impact of inbreeding is detected in Alentejana, because it has experienced a bottleneck in the recent past and would then be less affected by further inbreeding [7] .
No evidence was found of non-linear associations between inbreeding and any of the 15 beef cattle traits analyzed. This result suggests that epistasis involving dominance effects may be minor for these traits, but it is possible that the limited range of inbreeding coefficients analyzed, with a paucity of results for animals with F i > 0.25, could cause difficulties in detecting a non-linear effect of inbreeding [18] .
The analysis of within-family inbreeding depression on W7M indicates that there is wide variation among sires in the impact that they have as contributors to either individual or maternal inbreeding depression. Differences among the sires with extreme regression coefficients were 1.6 and 3.6 kg for individual and maternal inbreeding depression, respectively. Even though the majority of the sires had a detrimental effect on W7M through the inbreeding which they generate, some sires had a positive effect, either on individual or maternal inbreeding effects, on W7M. The positive inbreeding ''depression'' could be just due to sampling error or result from the existence of alleles with negative dominance deviations.
The heterogeneity among sire-families in the effects of inbreeding would suggest that there are large differences in genetic load among ancestors, both for individual as well as for maternal inbreeding effects. Moreover, no association was found among sire effects on individual and maternal inbreeding depression, or between these and estimated breeding values for genetic direct and maternal effects.
Our results confirm the findings of Lacy et al. [19] in mice, Rodrigañez et al. [27] in swine and Miglior et al. [25] and Gulisija et al. [15] in dairy cattle, who have also reported differences among founder families in inbreeding depression. The magnitude of the family differences found in our study suggests that the genetic load may be essentially affected by a few alleles with major effects [19] .
Reproductive technologies currently available allow high selection intensity in most livestock species and are combined with selection methods which take into account family information, such as best linear unbiased prediction. As a result, response to selection has been enhanced, but rates of inbreeding have also increased and they currently represent a serious concern for several breeding programs, due to the possible consequences in terms of inbreeding depression and genetic variability [17, 31, 36] . Therefore, methods have been proposed where selection is carried out by appropriately weighing the predicted breeding value of an individual and the inbreeding generated in the population [14, 23, 30, 35] . The large differences found in our study between sire-families in their genetic load indicate that it might be interesting to take this factor into account in breeding decisions, as a scaling factor to be used in addition to the inbreeding generated in the population.
